The adsorption of very small rhenium clusters (2 -13 atoms) supported on graphene was studied with high annular dark field -scanning transmission electron microscopy (HAADF-STEM). The atomic structure of the clusters was fully resolved with the aid of density functional calculations and STEM simulations. It was found that octahedral and tetrahedral structures work as seeds to obtain more complex morphologies. Finally, a detailed analysis of the electronic structure suggested that a higher catalytic effect can be expected in Re clusters when adsorbed on graphene than in isolated ones.
Introduction
Most industrial catalysts consist of expensive transition or noble-metals dispersed on inexpensive high-area porous supports. Generally, supported-metal catalysts are dispersed in nano-sized clusters to enhance the efficient use of catalytically active atoms. When the cluster size is very small, the majority of the atoms are at the surface, accessible to reactants and available for catalysis, (1) since low-coordination or unsaturated atoms often function as active sites, the few atoms clusters and single atoms are highly desirable for catalytic reactions. (2) Since the surface free energy of metals increases with decreasing particle size, coalescence of small clusters is promoted, however, the use of an appropriate scaffold material which interacts
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These clusters had been scarcely studied due to the difficulty of identifying these species by the conventional microscopic and spectroscopic techniques. Aberration corrected scanning transmission electron microscopy (STEM), particularly, High-Angle Annular Dark Field (HAADF)-STEM is a unique tool able to reveal this nanostructures, even single atoms (3) (4) (5) (6) , allowing to determine the atomic arrangement of clusters with few atoms. This is due to aberration-corrected HAADF-STEM is known for its chemical sensitivity as well as its high spatial resolution. Gold atoms and gold clusters have been identified with this technique. (7) (8) (9) However, to the best of our knowledge, experimental studies of the synthesis and structural characterization of rhenium clusters have not been reported yet.
It is known that rhenium-based materials are widely used as catalysts in petrochemical industries.
With rhenium clusters the catalytic reactions in which rhenium participates could be improved greatly; also by characterizing the structure that a rhenium low-atomicity cluster forms could contribute to know how the clusters react with other compounds in chemical reactions.
In the present work we report for the first time, the synthesis of rhenium clusters and the subsequent adsorption on graphene. The ultra-small Re clusters obtained were later characterized systematically with HAADF-STEM and the intensity profiles technique, where the atom position can be solved with sub-angstrom precision. Ab-initio calculations based on density functional theory were performed to understand the atomic structures observed experimentally, as well as to predict some new properties of the new hybrid materials. Finally an inspection on the electronic structure of the Re clusters supported on graphene compared to those in vacuum show some prominent properties that should be useful to prepare ultra-small catalyst based on Re.
Methods

Experimental
Rhenium clusters were synthesized by a modified Brust method first proposed by Brust, M. et al. (10) . Clusters were synthetized using a Water-Toluene system. Re+ was transferred from aqueous solution to toluene using tetraoctylammonium bromide as the phase-transfer reagent and reduced with aqueous sodium borohydride in the presence of 1-dodecanethiol (C 12 H 25 SH). stirring. The two phases can be seen clearly, the upper phase is almost black and the lower part is light white-transparent. The upper black part is removed and washed with ethanol several times (6 -10) in a Rotary Evaporator and re-dispersed in toluene. Since the synthesis itself requires organic compounds it was not possible to wash the clusters perfectly just with the rotary evaporator, once the solution of particles in toluene was on the grid it was necessary to wash the grid in a solution one-to-one of methanol with chloroform. Every material used for this synthesis was bought in Sigma-Aldrich.
Rhenium clusters were supported in a grid with a graphene-sheet to be characterized by aberration corrected scanning transmission electron microscopy (STEM).
Aberration corrected imaging /STEM.
Graphene-supported Re clusters were characterized by a Cs-corrected JEOL JEM-ARM 200F 200 kV microscope equipped with a CEOS Cs corrector on the illumination system. The probe size used for acquiring the HAADF-STEM images was <1 Å (8C) with a probe current of 35 pA. The Cl aperture size used was 30µm and the camera length 12 cm, corresponding to a collection angle of 33-125 mrad.
Theoretical calculations
Rhenium clusters structures in vacuum and supported on graphene were studied using molecular dynamics (MD) and density functional theory (DFT) calculations.
Approximate cluster geometries were optimized in vacuum using MD as implemented in the LAMMPS package (11) . The modified embedded atom method (MEAM) potential was used to describe Re-Re interatomic forces (12) . The force tolerance used was 1 × 10 -8 eV/Å.
Optimized cluster geometries were then relaxed on a graphene surface within the DFT framework under the generalized gradient approximation (GGA) proposed by Perdew and Wang (PW91) (13) , implemented in the Quantum ESPRESSO package (14) . A plane wave basis set with a kinetic energy cutoff of 435 eV and a 2 × 2 × 1 uniform k-point grid were used and checked for convergence. Periodic boundary conditions and spin polarization were implemented in all calculations. The core electrons were described with ultrasoft pseudopotencials (US-PP). A variable cell relaxation of a graphene unit cell was performed to determine the equilibrium C-C distance (1.424 Å). Two graphene supercells were used: a 24 C-atom (3 × 2) rectangular supercell (7.4 Å × 8.5 Å) to study the interaction with a single Re atom, and a bigger 60 C-atom (5 × 3) rectangular supercell (12.3 Å × 12.8 Å) to study the adsorption of Re clusters. Full relaxations using the BFGS method were performed in which the energy and force convergence criteria were set to 0.0014 eV and 0.051 eV/Å respectively. Bader charges were calculated using the Bader Charge Analysis code (15) .
Results and Discussion
Rhenium clusters were found to be very disperse thanks to the stabilization provided from the graphene sheet ( Various clusters were found to have very simple structures composed of a few atoms, like the ones shown in the Figure 5 . However, due that the synthesis was made with 1-dodecanethiol ligands it is natural to consider that some sulfur atoms would be in the structure of the clusters and also surrounding the cluster. Nevertheless we can state that there are not sulfur atoms in the interior of the clusters because the distances between neighbors atoms in the structures do not exceed the Re-Re distance expected for the hcp structure. The distances measured in the images are just a projection in a plane of the real distance in a 3D structure, this is the reason why smaller distances than the bonding distance are measured, though there are not any distances Table 1 . XRD data of Rhenium (PDF #65-3361) of interplanar distances that match the ones measured experimentally in Figure 5 .
After analyzing several clusters we can state that the octahedral and tetrahedral structures work as seeds for more complex structures that were also found in the HAADF-STEM images, an example is the case of the Figures 2 and 3 , in which the first structure ( Figure 2 ) is a octahedron and the second structure ( Figure 3 ) is a result of the coalescence of two tetrahedrons in which a part of the structure forms an octahedron. These structures that work as 'seeds' are very common, as we can see in the Figures 5 and 6. In Figure 6 some of the cluster seeds are compared with STEM simulations in which we can see different viewing angles of the structures. Calculations within the density functional theory (DFT) formalism were done in order to explain the experimental observations. The stability of the structures is defined by the adsorption energy E ads , which was calculated as E ads = E Re on graphene -E Re in vacuum -E graphene .
Here E Re in vacuum and E graphene refer to the energy of these systems optimized in the vacuum. The adsorption energy accounts for the interaction with the surface (negative term for an exothermic process) as well as the energy that arises due to the structural distortion of graphene and Re clusters when adsorbed (positive term). It is useful to consider another definition of the change in energy, called the interaction energy E int , which doesn't include the energy of deformation of graphene and Re clusters, and is calculated in the same way as E ads , but using the energy of Re clusters and graphene in the same geometry they have in the Re/graphene optimized structure. These two definitions allow us to compare not only how stabilized a cluster is when adsorbed, but also the energy needed to distort the geometries from the initial, most stable structures.
A single Re atom (adatom) was optimized in three different sites: on top of a C atom (T site), on the midpoint of a C-C bond (B site) and on a hollow position (H site). It was found that the H site was the only stable site (E ads = -0.136 eV) while the adsorption in B or T doesn't occur; in fact, in these sites, E ads ≈ 0.04 eV, which is only twice the thermal energy at 25 °C, and the adsorption distance from the surface would be about 4 Å. This was found by fixing the atomic position at certain distances from the surface and calculating the energy; when a relaxation was attempted on the T or B sites, the Re adatom relaxed into the H site.
The energy profile (energy vs. path coordinate) for the diffusion via high symmetry sites (hollow-bridge-hollow (H-B-H) and hollow-top-hollow (H-T-H) paths) was calculated, along with the total magnetization and the distance from the surface (see detailed description in the Supporting Information). The approximate activation energies for the H-B-H and H-T-H paths are 0.67 eV and 0.66 eV, respectively. It is remarkable that in the spin polarized case, the energy maxima along the paths are not linked to a low stability in the middle point of the paths as could be expected, but to a change of spin caused by breaking and forming bonds. Although these energy barriers can be considered low and cause the clusters to coalesce and form bigger particles given the large cohesive energy of rhenium (-8.03 eV/atom) (17) , it is safe to say that the activation energy for cluster diffusion must be larger, since more atoms need to break and form bonds. Otherwise clusters of a few Re atoms (< 10) could not be observed in the experimental images.
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The properties of the adatom system were studied to explain the strong adsorption. Figure 8 (a) shows the Bader charge on each atom, represented by a color scale, and it shows a strong polarization of the system in the z-axis. The Re atom bears a positive charge of +0.76 e, while the negative charge is localized mainly in the neighboring C atoms. The strong charge transfer is typical of bonds with ionic character, as opposed to the usual case of transition metals on graphene (18) . However, charge density difference plots (Figure 8 (b) and (c) ) show a considerable localization of charge in the Re-C inter-nuclear axis, regarding only the closest C atoms, which indicates covalent bonding. Also, the C-C bond is weakened, as evidenced in the 0.01 e/bohr 3 iso-surface in Figure 8 (c). Further evidence for the mixed ionic-covalent bonding is explained in the Supporting Information by analyzing the total and projected density of states. Clusters geometries were then selected for study using DFT from possible 3D structures observed in STEM images. All structures (after MD optimization) are shown in Table 2 With exception of the adatom, all clusters are adsorbed at a similar distance from the surface, between 1.9 and 2.2 Å. However the distance is not directly correlated with the normalized adsorption energy as is usually observed because of the spin effect as explained above. In Figure 9 snapshots of all structures after relation are shown. As a general observation, it can be inferred that the structures distort to maximize the interaction of Re atoms with hollow sites.
That is why, for instance, the tetrahedron (2) increases one Re-Re distance with respect to vacuum (which is compensated by the interaction with the surface), while one Re atom is distanced further from the surface.
Snapshots of different orientations 3t, 3e and 3s of the octahedron are shown in Figure 9 (b), (c) and (d). Two of these orientations were seen in STEM images (interacting with the vertex and the edge of the octahedron), while the third one (side of the octahedron in contact with the surface) is also a likely configuration. The octahedron is clearly the most stable structure than can be adsorbed, as it is concluded from the small distortion and high adsorption energy. In fact, structures 3 through 8 can also be seen as an octahedral seed, with Re atoms three-coordinated in sides of the octahedron. This explains their stability when adsorbed.
Page 13 of 17 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript The experimental Re-Re interatomic distance and interplanar distance were compared with the calculated ones for the tetrahedral (2) and octahedral (3e) structures. As in can be seen in Figure   5 , the measured interatomic distance in the tetrahedral structure is 0.25 nm, while the average calculated Re-Re distance is 0.23 nm. In the octahedral case, the experimental Re-Re distance Finally, the Bader charges of the atoms of structures 2, 3t and 4 were calculated and are shown in The net positive charge of the clusters has an important effect in catalysis. The catalytic effect depends on the reactivity, which is increased when the d-band approaches the Fermi level (20) .
As it is seen in the density of states (DOS) in the Supporting Information, the d-states of the rhenium hybridize with the states of graphene, generating d-states close (spin up) and above (spin down) the Fermi level which are unoccupied. Therefore, a higher catalytic effect can be expected in Re clusters when adsorbed on graphene than in isolated ones. 
Conclusions
Synthesis of rhenium clusters by a modified two-phase Brust method led us to obtain very small and low-atomicity clusters as well single Re atoms. Through a HAADF-STEM analysis and the intensities method we were able to distinguish the clusters that are formed by 2 or up to 12 atoms and determine their full atomistic configurations. The structures formed were very definite and simple, based on two 'seed' structure (octahedron and tetrahedron).
Density functional calculations were performed to explain the stability of the structures observed with STEM. An excellent agreement was found when compared the theoretical prediction with the experimental images. In particular the DFT calculations show that the octahedron is clearly the most stable structure than can be adsorbed.
An additional finding is reported, which open the possibility to develop ultra-small catalyst based on Re clusters adsorbed on graphene, i.e. higher catalytic effect can be expected in Re clusters when adsorbed on graphene.
